Carbon Fiber Reinforced Plastics (CFRP) exhibit superior characteristics such as high specific strength, high specific modulus, fatigue strength and endurance. During the manufacture of components from CFRP, it is usually necessary to carry out a post-machining step. Generally, after curing process, the parts will be trimmed in order to meet the required tolerances. Due to the heterogeneous composition and anisotropy of composite materials, machining procedures can damage the material in ways that directly affect its mechanical properties. Currently a costly try and error approach is employed to determine the optimal process conditions. Thus, this study focused on numerical modelling of machining CFRP composites using cross-nick router. A set of machining tests were performed in order to validate the accuracy of the model. Good agreement between simulation and experimental results show the validity of the model in handling real-field problems. The proposed numerical modeling technique can be used as an input in the process planning and decision making levels.
Introduction
Carbon Fiber Reinforced Polymer (CFRP) composite materials are fast gaining ground as preferred materials for construction of aircraft and spacecraft due to their light weight, high strength, design flexibility and long life performances. In particular, their use as primary structural materials in recent years has provided confidence leading to their acceptance as prime materials for aerospace components. Despite advances in near-net fabrication technologies, machining of CFRPs remains unavoidable to achieve the required dimensional tolerances and functional surfaces for final assembly. Composite machining has been known to present a myriad of issues such as variable heat generation, fiber-pull outs, burrs, matrix cracking, and delaminations. Due to the presence of highly abrasive fibers, CFRPs are difficult to machine often resulting in damaged workpiece and severe tool wear. Such machining issues when not addressed are known to adversely affect the usability, load carrying capability and structural integrity of the resulting component [1] .
Only few reported works exists on FE modeling of machining composites as compared to the metal cutting. Rao et al. [2] modeled a two-phase micro mechanical model of glass and carbon fiber reinforced polymer composite. Micro mechanical modelling reproduces the fiber, the surrounding matrix and the complex fiber-matrix interface. They obtained that fiber orientation significantly affect the failure mechanisms of composite part. The influence of fiber orientation on surface damages was modeled by Ramesh at al. [3] using failure mechanism based on fiber matrix cracking. Other related work on finite element modeling to analyze orthogonal cutting of FRP composite using macro and micro mechanical approaches can be found in [4] [5] [6] [7] and combined micro-macro approach in [8, 9] . Most of the works on modeling machining composites found in the literature only concentrated on simple geometry tools such as straight helix and simple rake tool. Thus, this study attempts to model a complicated cross-nick tool that has 12 cross cutter flutes. The cross-nick tool used in this study is the same tool employed by the aero composite manufacturer for trimming FRP composite.
Finite Element Modeling
A 3D-model for trimming CFRP composites has been constructed using the commercial FE code ABAQUS/Explicit as shown in Fig 1. The cutting tool is model using orthotropic layered shell with a R3D3 rigid elements and 0.2 approximate global size. This model captures the homogenized microstructure with minimize computational time. The tool was assumed to be rigid and the mesh was carefully chosen to represent the actual feature of the tool. The CFRP panel was modeled using orthotropic layered shell with a S4R, 4-node doubly curved thin or thick shell, with reduced intergration and automatic hourglass control and finite membrane strains.
Fig. 1 Machining simulation model
The CFRP composite consists of 12 layers of plies modeled with an elastic behavior up to failure, taking into account the anisotropy of the material. The failure of composite material was model using Johnson-Cook fracture model with type of mises plasticity model and analytical forms of the hardening law and rate dependence. This type of model is suitable for high-strain-rate deformation of many materials when a material is loaded beyond its elastic limit. However, a yield criterion is required to assess whether or not the plastic deformation is imminent or has occurred.
In addition, to predict the failure of the composite material, damage initiation criteria based on the cohesive behavior matrix model was added in the fracture model since the study focused on fiber delamination and fiber behavior after the cutting process. By combining these two models, the damage initiation criterion was specified using the failure strain with element deletion. Damage initiation refers to the onset of degradation at a material point and it is used to predict rupture and subsequent deletion of the damaged element. Table 2 and 3 depicted the characteristics of materials used in the simulation and parameter of Johnson-Cook model. 
Results and Discussion
Numerical results concerning the cutting of CFRPs, experimental validation and the application of the model to the simulation are presented in the following paragraphs. Chip initiation and complete chip formation were analyzed. Fig. 3 (a)-(d) shows the chip damage progression start from crack initiation until the complete failure. Fig. 3(a) shows the initiation stage in which the rake of the cutting tooth touched the workpiece in two simultaneous displacement (i.e. tool rotation
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Advanced Research in Materials and Engineering Applications according to spindle rotation and workpiece feed movement). Fig. 3(b) illustrated the deforming fiber and the matrix due to the contact of the cutting tool. The progressive chip formation and fiber breaking are depicted in Fig. 3(c)-(d) . The completion of chip formation was confirmed when the fiber-matrix debonding was achieved on the free surface and the fiber breaking occurred in the part of the workpiece ahead of the cutting tool edge at a plane that is elevated from the flank plane. Fig. 3 The progressive chip formation and fiber breaking A sub-surface damage resulting from machining CFRP composites in the form of matrix cracking and fiber-matrix interface debonding may provide a source of crack propagation or further damage development under fatigue loading. Fig. 4 illustrates the comparison between simulated and experimental ply damage and corresponding failure modes at complete chip formation stage. The damage started from the tool tip and then propagated in directions parallel and perpendicular to the fiber orientation. The obtained results show a good agreement values with 3% to 6% errors. In addition, the location at which the failure envelope extended below the plane of the tool flank face was used as a measure of sub-surface damage resulting from machining. It can be seen that the sub-surface damage in the matrix and the extent fiber-matrix debonding were close to each other, while in case of maximum stress criterion, the predicted sub-surface damage in the matrix below the flank plane was lower than the extent of fiber-matrix debonding and localized around the cutting tool edge. The predicted plies surface damage was similar in pattern (depth and width) with experimental result. The above phenomenon may be explained by the variation of deformation mechanisms in the cutting zone when fiber orientation changes such that the material ahead of the cutting tool edge is better supported compared to the material behind.
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Fig. 5 Fiber pull-out occurred at the first ply between simulation and experiment
Conclusions
A three-dimensional finite-element progressive failure analysis in machining CFRP composites using cross-nick router was developed. The proposed finite-element model gives an insight of the progressive composite fiber failure using Johnson-Cook fracture model and cohesive behavior matrix model. The progressive failure analysis includes matrix cracking, fiber-matrix debonding and fiber breaking. A set of machining tests were performed in order to validate the accuracy of the model. Good agreement between simulation and experimental results show the validity of the model in handling real-field problems. The proposed numerical modeling technique can be used as an input in the process planning and decision making levels.
